OBJECTIVE -To systematically review the available evidence examining the effects of the major antihypertensive drug classes on the incidence of type 2 diabetes.
T ype 2 diabetes accounts for ϳ90% of the estimated 17 million people, or 6.2% of the U. S. population, who currently suffer from diabetes (1). The prevalence of type 2 diabetes is expected to increase dramatically in the coming decades, primarily due to the increasing prevalence of obesity (2-4). Furthermore, the burden of pre-diabetes is already substantial, with impaired glucose tolerance (IGT) affecting an estimated 16 million and impaired fasting glucose (IFG) affecting ϳ10 million U.S. adults aged 40 -74 years (1).
Patients with type 2 diabetes, metabolic syndrome X, and pre-diabetes are often treated with antihypertensive medications because of concomitant hypertension or cardiovascular disease (5,6). The frequency of antihypertensive drug usage in such patients will undoubtedly grow as current guidelines recommending aggressive control of blood pressure and cardiovascular risk are implemented (6,7).
Previous studies have shown that antihypertensive agents may exert different effects on glycemic control (8 -10). In general, ACE inhibitors, angiotensin receptor blockers, and calcium channel blockers seem to have neutral or beneficial effects, whereas ␤-blockers and thiazide diuretics tend to worsen insulin resistance or glycemic control. However, these are broad generalizations, and studies have shown conflicting results, even between agents within the same class (8 -10). Differences in study design, study duration, sample size, comparison groups, laboratory techniques, patient populations, drug dosage, and agent used likely explain the discrepancies in results.
Rather than using surrogate end points, such as blood glucose levels or insulin sensitivity, it may be more clinically relevant to examine the effect of various antihypertensive agents on outcomes such as the incidence of type 2 diabetes. If other factors are equal, agents that delay or prevent the onset of diabetes may be preferred therapy, particularly in those individuals at high risk of developing type 2 diabetes. Given the large projected increase in the use of antihypertensive agents in this population, we conducted a systematic review in order to summarize the available evidence examining the effects of the major antihypertensive drug classes on type 2 diabetes incidence. Case-control studies, cohort studies, and randomized controlled trials involving the following drug classes were included: diuretics, ␤-blockers, calcium channel blockers, ACE inhibitors, angiotensin receptor blockers, and ␣-blockers. Case series and reports were not included. Studies in which Ͻ10 patients developed type 2 diabetes were excluded if they were not adequately powered to provide any meaningful comparison between groups. Studies published only in abstract form were also excluded because of the difficulty in judging study quality from an abstract alone.
One reviewer (R.P.) performed the electronic searches and reviewed the results. Articles that clearly did not meet inclusion criteria were rejected on initial review. If uncertainty existed, the full text of the article was reviewed. Two reviewers (R.P. and A.L.) independently assessed all potentially relevant studies for inclusion and performed data extraction. Disagreements were resolved by consensus. Reviewers were not blinded to the journal, author, or institution of publication.
RESULTS -Of 250 potentially appropriate studies, 227 were excluded because diabetes was not an end point (n ϭ 218), the number of diabetes cases was too low for adequate power (n ϭ 6), data were not extractable (n ϭ 2), or the analysis was flawed (n ϭ 1). The 23 studies that met the inclusion criteria included 1 case-control study, 8 cohort studies, and 14 randomized controlled trials. Quantitative meta-analysis was not attempted due to differences in study designs, 
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Case-control and cohort studies These studies are summarized in Table 1 (11-19). None were originally designed for the primary purpose of determining the effect of antihypertensive therapy on type 2 diabetes incidence. In general, studies were of suboptimal quality and enrolled prevalent, not incident, hypertensive patients, making it difficult to adjust for duration of therapy and severity of comorbid illness. One study used normotensive control patients (17) , and another used control patients that were not using hypertensive medications (12) but failed to adjust for the presence of hypertension in the analysis. Hypertension is an important confounder in these studies because of the tendency for high blood pressure and type 2 diabetes to cluster together (20) . Information on drug dosages was not available in any study, and many studies also failed to adjust for several of the following potentially important covariates: age, sex, race, baseline glucose level, BMI, family history of diabetes, concomitant medications impairing glycemic control, physical activity, and socioeconomic status. Many studies also suffered from limited power and tried to compensate by combining various antihypertensive agents into the same comparison group, which made it impossible to distinguish the effects of a particular drug class.
The most methodologically rigorous cohort study was an analysis of data from 13,877 adults enrolled in the Atherosclerosis Risk in Communities cohort, a prospective study from four communities in the U.S. (13). This study controlled for all potentially important covariates, including the presence of hypertension. In an analysis confined to 3,804 hypertensive adults, users of ␤-blockers were at increased risk of type 2 diabetes compared with untreated hypertensive patients (RR 1.28; 95% CI 1.04 -1.57). Users of ACE inhibitors, calcium channel blockers, and thiazide diuretics were not at increased or decreased risk for type 2 diabetes, although the study may have been underpowered to exclude clinically important differences for these drug classes.
Randomized controlled trials
Fourteen randomized controlled trials met inclusion criteria, none of which examined diabetes incidence as a primary end point ( (23) trial reported both on-treatment and intention-to-treat analysis. The remaining trials reported intention-to-treat analysis. In this study, only the results and sample sizes of patients who were free of diabetes at baseline are reported.
Placebo-controlled trials
Six randomized controlled trials were placebo-controlled studies (24, 25, 27, 31, 33, 34) . Thiazide diuretic-based treatment regimens were associated with nonstatistically significant increases in the incidence of type 2 diabetes in the Systolic Hypertension in the Elderly Program (SHEP) (33) (RR 1.2; 95% CI 0.9 -1.5) and EWPHE (25) (1.5; 0.85-2.6) trials. ACE inhibitor therapy lowered the incidence of self-reported diabetes in the Heart Outcomes Prevention Evaluation Trial (HOPE) (27) trial (0.66; 0.51-0.85) and laboratory-confirmed diabetes in a group of patients with left ventricular dysfunction (0.26; 0.13-0.53) (34) . Treatment with angiotensin receptor blockers resulted in a statistically significant decrease in the incidence of type 2 diabetes in the CHARM (24) study (0.78; 0.64 -0.96) and a nonsignificant decrease in type 2 diabetes incidence in the SCOPE (31) study (0.81; 0.62-1.06). In the SCOPE trial, 84% of placebo-treated patients were on active therapy and approximately two-thirds were on diuretics or ␤-blockers.
Trials comparing active therapies
Eight trials compared the incidence of diabetes between different antihypertensive drug classes (21-23,26,28 -30,32) . All studies except HAPPHY (26) used second-line agents capable of affecting glycemic control, but only the NORDIL (30) study specified the frequency of use of each second-line agent in each study arm.
In the CAPPP (23), NORDIL (30), and STOP-2 (32) trials, drugs from opposing study arms were used as second-line agents, raising the possibility of treatment contamination.
Three studies compared thiazide diuretic-based therapy with other antihypertensive agents (21, 26, 28) . In the INSIGHT trial, nifedipine-based therapy significantly lowered type 2 diabetes incidence compared with amiloride/ hydrochlorothiazide-based therapy (RR 0.77; 95% CI 0.62-0.96) (28) . No significant difference in the incidence of type 2 diabetes was found between thiazide diuretic-based and ␤-blocker-based treatment regimens in the HAPPHY trial (0.88; 0.65-1.19) (26) . In the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) (21), type 2 diabetes incidence was lower in the amlodipine (0.80; 0.64 -0.99) and lisinopril (0.70; 0.56 -0.86) study arms than in the chlorthalidone arm of the trial. The follow-up rate of this end point was suboptimal because only 38% of patients with a baseline fasting plasma glucose measurement had a repeat measurement at 4 years.
Four trials compared thiazide/␤-blocker combination therapy to other antihypertensive agents (23, 30, 32) . In the CAPPP study, captopril-based therapy lowered the incidence of type 2 diabetes in both the intention-to-treat analysis (RR 0.86; 95% CI 0.74 -0.99) and the ontreatment analysis (0.79; 0.67-0.94) (23) . In the NORDIL study, diltiazembased treatment was associated with a nonstatistically significant reduction in type 2 diabetes incidence (0.87; 0.73-1.04) compared with thiazide/␤-blocker combination therapy (30) . In the ALPINE study, a candesartan-based treatment regimen lowered the incidence of type 2 diabetes compared with a hydrochlorothiazide-based treatment regimen (0.13; 0.02-0.99) (22) . Approximately 71% of patients received felodipine in the candesartan arm, and 84% of patients received atenolol in the hydrochlorothiazide arm. The wide CIs reflect the fact that only nine cases of type 2 diabetes occurred in this study. In the STOP-2 trial, neither ACE inhibitor nor calcium channel blocker-based therapy significantly reduced the incidence of type 2 diabetes compared with thiazide/␤-blocker combination therapy (0.96; 0.72-1.27 for ACE inhibitors and 0.97; 0.73-1.29 for calcium antagonists) (32) .
The LIFE trial demonstrated a reduction in type 2 diabetes incidence with losartan-based therapy compared with atenolol-based therapy in patients with left ventricular hypertrophy (RR 0.75; 95% CI 0.63-0.88) (29) .
CONCLUSIONS -I n s u m m a r y , poor methodological quality limits the conclusions that can be drawn from most nonrandomized studies examining the relationship between antihypertensive agents and the incidence of type 2 diabetes. Data from the highest quality cohort study and randomized trials suggest that type 2 diabetes incidence is unchanged or increased by thiazide diuretics and ␤-blockers. The incidence of type 2 diabetes appears unchanged or decreased by ACE inhibitors, calcium channel blockers, or angiotensin receptor blockers. We were unable to find any previous systematic reviews on this topic, but our results are consistent with earlier narrative reviews (8 -10,35).
It is important to note that no antihypertensive drug class has been evaluated in a placebo-controlled trial with diabetes incidence as a blinded, predefined end point. This is an important next step to address the limitations of current studies. It is also difficult to draw firm conclusions from the results of studies comparing two or more antihypertensive agents because the observed effects may represent a detrimental effect of one agent versus a beneficial effect of the other. For example, the results of LIFE and INSIGHT may reflect adverse effects of ␤-blockers or thiazide diuretics on metabolic control instead of any beneficial effect of angiotensin receptor blockers or calcium channel blocker therapy.
Many randomized controlled trials used second-line agents that could influence glycemic control. This would not be expected to bias results if the relative number of patients in each study arm on second-line therapy was equal, but such information was usually not reported. Randomized controlled trials that performed post hoc analyses may have several potential sources of bias. First, only positive results from post hoc analyses are likely to be reported, which may predispose to publication bias. Second, studies may not be adequately powered to detect differences between study arms for a post hoc end point. Third, because the end point is not preplanned, detection bias may occur if type 2 diabetes incidence is ascertained with different intensities in each study arm. This may also occur in open-label studies, where diabetes may be more avidly sought in thiazide or ␤-blocker arms because of previous evidence linking these drug classes to deteriorations in glycemic control.
One additional limitation to this review is the fact that our search was limited to English-language articles. We may have missed important articles published solely in other languages.
Nearly all randomized controlled trials reported intention-to-treat rather than on-treatment analyses when calculating diabetes risk. On-treatment analysis may be the more accurate method if large differences in treatment adherence between study arms were observed. In the ALLHAT trial, the rates of treatment adherence at the end of 5 years were 81% in the amlodipine arm, 80% in the chlorthalidone arm, and 73% in the lisinopril arm (21) . In the HOPE trial, 90% of patients randomized to ramipril remained on the study drug and 27% of placebo-treated patients were taking open-label ACE inhibitors (27) . The CAPPP trial reported both intention-to-treat and on-treatment analyses and found a greater difference between drug classes with the second analytic approach (23) . However, as mentioned above, treatment contamination limits the conclusions that can be drawn from this trial. Ideally, trials should report both types of analyses, particularly when large discrepancies in treatment adherence between study arms are observed.
The major antihypertensive drug classes may affect glycemic control through a number of potential mechanisms. Thiazide diuretics may worsen glycemic control in a dose-dependent fashion by impairing insulin secretion and decreasing peripheral insulin sensitivity (36 -39) . Development of hypokalemia appears to be an important precipitating factor, and prevention of hypokalemia using potassium supplementation attenuates thiazide-induced glucose intolerance (40 -42) . ␤-Blockade has been shown to inhibit both pancreatic insulin secretion (via ␤ 2 -receptors) and peripheral glucose utilization (43) (44) (45) (46) . Weight gain, diminished peripheral blood flow, and unopposed stimulation of ␣ 2 -receptor-mediated glycogenolysis have been proposed as additional potential diabetogenic mechanisms (43, 47, 48) . ␤-Blockers with intrinsic sympathomimetic effects and ␤ 1 -selective blockers with ␤ 2 -agonist properties appear to have minimal detrimental (and possibly beneficial) effects on glycemic control (9,47).
ACE inhibitors may improve glycemic control preventing hypokalemia, promoting adipocyte differentiation, and improving insulin sensitivity by enhancing blood flow to skeletal muscle and other tissues (37,49 -53) . Inhibition of adrenergic activity, which impairs insulin secretion (via ␣ 2 -receptors) and glucose uptake, is another potential mechanism (51, 54, 55) . Less data are available for angiotensin receptor blockers, which may act via similar mechanisms. Vasodilation and improved peripheral blood flow may explain the improvement in insulin sensitivity seen with calcium channel blockade (56) .
Despite the potentially detrimental effects of ␤-blocker and thiazide therapy on glycemic control, it is important to recognize that both drug classes have been shown to reduce mortality and cardiovascular morbidity in hypertensive patients (57, 58) . ␤-Blockers are also of established benefit in reducing mortality postmyocardial infarction and in patients with heart failure (59,60). Therapy with ␤-blockers or thiazide diuretics should not be withheld in appropriate populations based on the results of this review and the potential for deterioration in glycemic control. Any potentially detrimental metabolic effects of these medications may be offset by improvements in other cardiovascular end points and overall mortality, and rational evidence-based prescription of these agents is recommended (61) (62) (63) .
Ongoing randomized controlled trials should help to clarify the role of antihypertensive agents in diabetes prevention.
In the Diabetes Reduction Approaches with Medication (DREAM) study, 5,269 patients with IGT will be randomized to ramipril or rosiglitazone versus placebo in a 2 ϫ 2 factorial design (64) . New-onset diabetes is the primary end point. The Ongoing Telmisartan Alone and in Combination with Ramipril Global End Point Trial (ONTARGET) is a double-blind, parallel group trial with telmisartan, ramipril, and telmisartan plus ramipril study arms. This study of 23,000 patients will determine the effect of one or both agents on a composite end point of cardiovascular death, myocardial infarction, stroke, and hospitalization for heart failure over a 5.5-year follow-up period (65) . Patients unable to tolerate an ACE inhibitor will be enrolled in a parallel study of telmisartan versus placebo called Telmisartan Randomized Assessment Study in ACE Inhibitor Intolerant Patients with Cardiovascular Disease (TRANSCEND) (65) . Incidence of type 2 diabetes is a secondary end point in both of these studies. In the Nateglinide And Valsartan in Impaired Glucose Tolerance Outcomes Research (NAVIGATOR) trial, 7,500 patients with IGT will be randomized to nateglinide, valsartan, dual therapy, or placebo for at least 3 years. Incidence of type 2 diabetes and cardiovascular disease are the primary end points in this study (66) .
A number of additional unresolved issues remain. Are antihypertensive agents simply unmasking or masking latent diabetes by raising or lowering glucose levels in pre-diabetic patients, or does therapy result in a permanent detrimental or beneficial effect? If true, are the observed effects specific to certain agents or generalizable to the entire drug class? Because the majority of hypertensive patients require multiple drugs, it will also be important to determine whether the beneficial effects of one drug class offset the detrimental effects of another.
In summary, the major antihypertensive classes may exert differential effects on diabetes incidence, although current evidence is of suboptimal quality. Therefore, definitive conclusions cannot be made at this time and should await the results of ongoing randomized trials. 
